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ABSTRACT

Winds in excess of 74.5 knots could cause severe damage to a space
shuttle on the launch pad. Current plans exist for rollback to the Vehicle
Assembly Building, but require 48 hour leadtime to implement.
Decisions based upon cost/loss are evaluated to ascertain whether
predetermined forecast probabilities for rollback/rideout decisions can
be made far in advance of hurricane season for use in decision making.
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SUMMARY

KSC lies in the hurricane belt, and there exists the possibility that a
hurricane with winds of at least 74.5 knots might strike the Center.
Should a Space Shuttle be on the launch pad during winds of this
nature, severe damage up to and including the loss of the vehicle could
occur. Therefore, in the event that winds associated with a hurricane
are forecast to be in excess of 74.5 knots, procedures are in place to roll
the mobile launch platform with the shuttle on top back to the relative
safety of the Vehicle Assembly Building.

This plan requires 48 notification in the advance of the onset of the
winds, with the last eight of those hours being devoted to the actual
movement of the shuttle from the pad to the VAB.

Managers make the rollback/ rideout decision based upon National
Hurricane Center forecasts, which give numerical percentages of strike.
At present, there is no predetermined probability value which triggers
the rollback decision, and at present the decision is extremely
subjective.

With a Bayesian analysis of sequential events and their
modification to current probabilities, along with a cost versus loss
study, an objective value from which to base a decision might be
reached. In addition, examination of past information concerning
similar hurricane paths might be useful in fine tuning the
probability forecasts
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SECTION I INTRODUCTION

1.1 BACKGROUND AND PROBLEM IDENTIFICATION

The Kennedy Space Center, located on the east coast of the Florida
peninsula has been subjected to 64 tropical storms in years 1886
through 1992. Of these, 26 were of hurricane strength. Because winds in
excess of 74 knots would cause extreme damage to a shuttle on the
launch pad, protective measures in the form of rolling the shuttle back
to the Vehicle Assembly Building are planned in the event of such
winds. That rollback decision has to be made by shuttle managers in
sufficient time to allow the actual rollback, and the current timeline
(appendix 1) requires that decision be made 48 hours prior to the onset
of damaging winds.

The primary responsibility of hurricane forecasting lies with the
National Hurricane Center (NHC) who distributes forecasts via alerts,
watches and warnings to the various meteorological stations around the
country. Weather support to the Kennedy Space Center is provided
directly by personnel at the Cape Canaveral Air Force Station Forecast
Facility. These meteorologists provide the manager with not only
forecasts, but rationale, track error analysis, and model confidence.

While hurricane forecasting has become quite sophisticated in recent
years, there are still sufficient forecast positioning errors to preclude a
cut and dried decision to rollback or to ride out. For example, a recent
National Hurricane Center study shows RMS position errors to be about
170 nautical miles at the 24 hour point. As the radius of maximum
winds in a 95 knot hurricane is less than 25 nautical miles, a storm of
that nature moving inland at 70 miles to the north or south of the
center would produce winds well below the maximum allowable. Thus,
even though the forecast might place the storm directly atop KSC in 24
hours, managers cannot use that forecast as the sole source for decision
making.

Because rolling the shuttle back to the Vehicle Assembly Building is
such a costly event, both in terms of launch delays, shuttle processing
schedules, and redund=nt operations, the rollback option is taken only
after much deliberation. And, because hurricane strikes at the cape are
relatively rare occurrences, managers have not been able to create any
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kind of track record of past decisions and the criterion upon which
those decisions were based. Managers rely on advice provided by the
weather support personnel which in turn is largely based on Hurricane
Center forecasts. One problem arises with the probability forecast itself
which is given as a probability of landfall at a certain area. Does the
manager protect if the probability is 5%? What about 10%? At present,
there is no black and white set of rules for making the rollback decision
based strictly upon the strike probability.

The situation is further muddied by the aforementioned forecast
position errors. Obviously, the farther into the future you forecast, the
larger the position errcrs. This necessarily produces low strike
probabilities for specific locations due to the uncertainties involved.

Simply put, the manager needs some method to yield a set of guidelines
for use in making the rollback/rideout decision at the 48 hour point.

1.2 PREVIOUS STUDIES

Investigation into the work done in the area was conducted during the
summer of 1992 here at the Kennedy Space Center. A detailed
breakdown of several approaches is discussed in the report of that
work. The bulk of the data was found in the NOAA Technical
Memorandum NWS NHC 38 by Charles J. Neumann titled "The National
Hurricane Center Risk Analysis Program (HURISK)'.

HURISK is a computer program developed to find statistical data
concerning, strangely enough, hurricane risk assessment. When
conducted for a specific location, it provides data about the frequency,
strength and movement of tropical storms through a circle 75 nautical
miles in radius around the selected site. Of particular interest are the
data computed for the mean return periods (chart 1) of tropical storms
with winds of a specified amount, and the probability of at least x
storms passing within 75 nautical miles of KSC over n consecutive years
(chart 2). This second chart is important as it also yields the probability
of going for n consecutive years without having a storm of a specified
category. See the source document for detailed explanation.

In addition, computerized tropical storm track data were obtained
which contained information similar to that found in the NOAA
Historical Climatology Series 6-2, Tropical Cyclones of the North Atlantic
Ocean, 1871-1986'. These data were examined in a rather cursory
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manner as rudimentary programs were produced to select specific
storm data. It was concluded that these data should be more closely
examined in a graphical format, and that by selecting storms similar in
nature to the ongoing storm, it might be possible to detect trends from
statistical fields generated from those similar storms.

1.3 NEW TOOLS FOR THE DECISION MAKER

One approach to giving the decision maker a go/no-go kind of decision
is by using a cost versus loss analysis. Typically, this kind of analysis is
used by managers in determining whether to initiate some kind of
protection scheme strictly from a monetary point of view. This method
determines the most cost effective course of action based solely on the
dollars involved, and ignores the cost of public opinion, loss of
capability, and the downstream effects of the loss itself. Additionally, by
applying a Bayesian analysis to the probability of having a damaging
hurricane throughout the season, new thresholds can be developed
which yield probabilities for using the cost versus loss decision making
process.

In the event that protection methods are initiated, costs can be
considered to be delays in the shuttle flow process. In fact, these delays
are not simply the time it takes to enact some protection to the shuttle,
but must include the time that it takes to bring the shuttle to the same
place in the processing timeline that it was in prior to initiating that
protection. The very nature of the differences in payload requirements
themselves makes it difficult to obtain dollar values for the protection
operations. For example, a spacelab mission which is loaded horizontally
in the Orbiter Processing Facility would not need to be removed from
the orbiter while still on the pad. However, a Tracking and Data Relay
Satellite, which is inserted vertically into the payload bay once the
shuttle moves to the launch pad might have to be removed from the
orbiter prior to rolling the orbiter back to the VAB. For the purposes of
this study, cost will be assumed to $2 million per dayl.

In addition to the statistical study, a graphical package was under
development to assist meteorologists in reviewing historical tropical
storm data. The computer programs are designed to permit individual
selection of storms based upon specified criterion, to allow the

1 Because the costs are $o variable, perhaps a better currency for decision making
is days instead of dollars.
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forecaster to create statistical data on storms which show similarities to
the current storm. Several interesting problems needed to be overcome,
and work continues in this area. Once complete, these should provide
the forecaster the capability to modify the forecast based upon
movement, and a statistical study of forecast and observed motion
vectors of the current storm. At any rate, graphical representation of
historical data is accomplished, and should help in storm track
visualization.

497



ECTION II_ DECISION MAKIN
2.1 SIMPLE COST VERSUS LOSS

The cost versus loss approach has been applied to decision making with
respect to meteorological events for some time, as statistical methods
for prediction commonly produce probabilities for the occurrence of a
specific event. As is shown in the diagram below, a decision is made at a
specific point in time to protect assets, or not to protect assets. The
forecast event then either occurs or does not occur. Costs are simply the
value in the currency chosen. These costs are usually given in dollar
values, but can be man hours, days of delays, or some other currency.
Losses are usually expressed in dollars, and represent the replacement
cost of the item.

Decision Event Payout
Cost
Cost
Loss
Protect
Wx 0

Diagram 1. Stnplified Cost versus Loss decision making tree
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The decision is made as follows:

If p< _CI: then do not protect

where p is the forecast probability of the meteorological event, C is the
cost of protection, and L represents the loss value. Should the p be
greater than the cost/loss ratio, then one would protect. |

In the case of protecting the shuttle, assume that C/L is equal to 1/500,
a somewhat arbitrary figure2. Studies3 have shown that hurricanes
have passed within 75 nautical miles on 26 occasions since 1886. If one
considers hurricane season to last from 1 june through November (183
days) , and hurricanes to affect the area for only one day each, the
probability of being hit on any one day in hurricane season is found to
be 26 in 19398.In a probability to cost/loss comparison:

0.0013403 < 0.002

Thus, one would not protecton a day to day basis since the probability
of the event is less the cost/loss ratio4. Had the probability been
greater that the C/L, it would be unreasonable to expect that rollback
should occur on each day of the season, there would be no launches at
all!

2.2 SEQUENTIAL DECISIONS

The record of tropical storm activity from 1886 through 1991 shows
that of 970 storms, 614 reached hurricane strength. This averages out
to about 9 storms per year, with nearly 6 reaching hurricane strength.
Rarely are hurricanes dependent upon one another, and their existence
can be thought of as independent sequential events. The decision
making tree for more than one event becomes complicated after very

2 Although not unreasonable this number is optimistic at best. In the currency of
days: one day of lost processing time to 500 days to replace a shuttle.

3 NOAA TM NWS NIC 38, reprinted Aug 91.

4 In reality, it is unreasonable to expect that a hurricane with winds in excess of
74.5 knots would spontaneously appear close enough to do damage over the course
of 24 hours, so this daily probability is really only useful in determining
climatological probabilities, and works out to about a one in four chance of

having a hurricane in any g'ven year.
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few iterations. Thus, the example of such a tree is shown below with
associated payouts for only two events.

|4— Event 1 —bl<— Event 2 —>| PAYOUT
w
P= noprotoct
w= wx oocured W
P w
® CiL
w
P w w €
w P xC
w
x
P w ® C+L
w e C
7 w —9 L
w C
P
W w C
w L
P
— 0
W

Diagram 2. Decision tree for 2 events

For each additional event, another four pronged branch is added to the
tree at all locations where loss does not occur. For n events, the number
of final nodes would be:

number of nodes=3"+ Y x*

x=1

where the summation gives the number of those nodes which end in
losses. Only one node yields no payouts, occurs when you never protect
and never have the occurrence.

This decision tree is based upon having but one orbiter on a launch pad

at a time, and assumes that after a loss shuttle operations would cease.
In reality this is probably the case, but it could be argued that since the
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loss of the orbiter is know to be due to a management decision as
opposed to an engineering flaw, operations might continue shortly
thereafter. Were this scenario to take place, the number of nodes would
increase to:

number of nodes =4"

We shall use the first example to generate the decision probabilities.
This is done by using 'backward induction' from the endpoint to the
initial condition. In our example, consider the case where the p>(C/L).
On day 2, the decision maker should protect. Thus, if the decision maker
decides to protect on day 1, the cost for the two days is 2C. If the
decision maker does not protect on day 1, he incurs a risk of pL of the
loss and saves -(1-p)C by not protecting. Thus, his expected payoff (or
savings) will be:

-pL-(1-p)C

Remember, L and C are payouts, and are negative numbers which
makes the overall number positives. Thus, the decision maker should
protect on day 1 if:

2C>-pL-(1-p)C
Which reduces to:
p>C/(L-C)
The manager should protect on the first day based on is new

relationship. In tabular form the threshold values for each of the
possible situations are as follows.

Case Day 1 Day 2 Payoff Optimal when
1 p P -2C C/(L-C)<psl
2 p not p -C-pL never®
3 not p p -pL-(1-p)C C/L<p<C/(L-C)
4 not p not p -[1-(1-p)2]L p<C/L

5 Unless the probability of the event is .5 in which case one should always protect.

6 Since the payoff for case 3 is less than or equal the payoff of case 2 for all cases,
case 2 is never optimal.
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If we assume values bases for cost and loss based upon dollar values of
$3 billion for loss and as mentioned above and $2 million for cost of
roliback per day with five lost days,” for a cost of $10 million. If the
probability of strike is .01 the table looks like:

Case Dayl Day 2 Payoff Optimal when
1 01 .01 20 0.0033444<p<gl
2 .01 99 40 never8
3 99 .01 399 0.003333<p<0.0033444
4 99 .99 59.7 p<0.0033333

It becomes obvious that because of the large disparity between the cost
of protection versus loss, protection should be implemented whenever
forecasts indicate strike probability is greater than some number less
than one. As the cost of protection increases, however, threshold
forecast probabilities also increase, albeit slowly. However, using the
above tables in a spreadsheet form, one could easily tailor the
optimization given the revised cost and loss values based upon
scheduled launches and payloads, and even the two shuttle situation.

7 Two days for rollback, one day during storm, and two days to get back to initial
conditions. Best case scenario.

8 Since the payoff for case 3 Is less than or equal the payoff of case 2 for all cases,
case 2 is never optimal.
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SECTION III _COMPUTER TRACK ANALYSIS

Another study was initiated using historical data of hurricane and
tropical storm tracks. These data were acquired last summer, and
comprise track data for storms from 1886 through 1991. Storm data is
in ASCII text format, and contains six hourly information containing
position, wind, and sea level pressure (Appendix 1).

One goal set last year was to create the ability to examine these data in
a graphical form. It was felt that by selecting specific storms similar in
nature to the current storm, a probability study on forward motion
could be undertaken which could then be used along with the NHC

warning? to afford local forecasters another tool for determination of
landfall. In addition, the computer access to track data would allow for
numerous additional courses of study. The source code for these
programs are contained in the appendices and program documentation
is integral to the source code.

3.1 PROGRAM DEVELOPMENT AND REQUIREMENTS

Programming was written in Borland's Turbo Pascal on an MS-DOS
laptop computer. The goal was to create executable programs that
would be easily transportable to that type of machine, and to the extent
of the programs written, this goal has been successfully met. Machine
requirements are minimal, an MS-DOS machine with one megabyte
RAM, and VGA display. As Borland also has Pascal available for the
Apple Macintosh machine, the source code can be transferred to a Mac,
then compiled and run. Since data files are also transferable (being data
files) no significant revision of source code is anticipated.

One note about the precgramming environment. It was chosen because it
satisfied several criterion. First, it was easy to edit code in the Borland
environment. Conversations with computer programmers at the center
pointed out that fact. Secondly, compilation linking and running are
accomplished very easily with syntax errors found and easily corrected,
as the environment places the cursor at the error in the edit mode for
immediate correction. Finally, the graphical capabilities were greatly
enhanced by the extensive library of commands and features available

9 NHC has recently incorporated a method whereby historical forecasts of similar
storms are used in obtaining forecast guidance, and help in assessing the
confidence level in the current forecast.
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in the environment. [ found it extremely easy to write code to
accomplish my task in reasonable time. Having no Pascal experience
(but speaking several other languages) the rather steep learning curve
was possible only due to the user friendliness of the language.

3.2 DATA AND SUBROUTINES

Each program uses one or both of two data files. One, distributed
through shareware, is a database which originally was produced by the
Central Intelligence Agency. The documentation accompanying that
program, PLOTMWDB, contains an interesting history of the data. It also
provides a scheme for unpacking and reading data. Generally, data
points are described by type (coastline, river, island, etc.) and
coordinates given in minute form. Conversion of these data to pixel
address points for screen display was a particularly satisfying success.
The procedure named 'MAKEMAP' accomplishes this.

The storm track file, as mentioned, is a text file. Its conversion to
integer and real number data proved to be another interesting
challenge which was overcome primarily with the use of three
procedures which convert two, three and four sequential text characters
into integer format for use in the storm plotting routines. That
conversion to pixel points makes use of several procedures, one which
converts from decimal degrees to minutes, determines if the point is
visible in the defined visible screen window. If so, it is plotted, if not, it
is discarded. Each visible storm fix is plotted along with adjoining line
segments with different colored circles at the fix points representing
storm strengths, namely, depression, storm and hurricane. Minor code
modifications would permit additional differentiation, for example,
based upon category level. The storm data acquisition and plotting is
accomplished with a procedure named 'GETSTORM', and appears in
several programs as does the map making program.

Another interesting problem was in determining the best way to erase a
storm track in the storm selection program. Using the 'exclusive or'
feature in the graphing package, writing the screen with the track twice
effectively returns it to the original color, in effect erasing it. This
required reading a storm data file, and saving it to a temporary location
so that it could be reread and plotted. Then, calling a write procedure
to plot the storm track, and then calling the write procedure again to
rewrite it which in effect erased it. This method was required by the
sequential read nature of the original storm track data file and the
inability to back step easily.
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The following is a brief summary of the two programs which evolved
over the course of the summer. The first selects data, the second plots
selected years.

3.3 PROGRAM PICKTRAK.PAS

As the name implies, this program was created to allow the user to
select the storms of his choice. In it's present form, it requests a storm
data file name (source file) and then asks for the output file name. After
generating a map of the area it sequentially plots the storm track, gives
general information concerning that storm, and asks if the user wants to
include it in the output file. Any keystroke but 'Y' (not case sensitive)
bypasses the storm. This program has the potential of being modified to
accomplish many different selection schemes. Yearly data, storms of
specified strength, storms passing within x miles of a location,
probability distribution functions based upon historical data may all be
fairly easily woven into the code.

3.4 PROGRAM PLOTYR.PAS

Designed to allow the user to examine storm data for a given year. On
execution, the program requests a file name which contains the storm
data which the forecaster is interested in displaying. It then asks for a
forward storm speed. This velocity is used to generate event circles
which are centered about KSC, and represent decision points for (from
center outward) 8,12,24,36,48 and 72 hours. These correspond to the
rollback timeline event critical points (chart 3). The program then shifts
to graphics mode, generates the map of the region, and plots the storm
tracks for the selected data file. This program has the potential to allow
selection of specific storm criterion with minor revisions in the source
code.
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IV. CONCLUDING REMARKS

Determination of a fixed probability value for making a rollback
decision varies with the number of storms that are forecast to occur at
the center, and is very dependent upon the initial values one places on
the cost of operations and the loss of the vehicle. Cost is difficult at best
to quantify, because of the variability of situations that might exist; one
shuttle vs. two, recently moved shuttle, processing accomplished, and
even availability of space in the VAB add varying degrees of complexity
to the problem. Loss, typically thought of as strictly a dollar value, is
again fogged by the value of the space shuttle in the eyes of the nation,
and its value in terms of a national resource. Replacement cost might be
prohibitive in this period of economic belt tightening, and the adverse
effect of such a loss on NASA's reputation and effectiveness would be
disastrous. For this reason, the author feels that rollback decisions
should be made at a low probability of strike, on the order of 1 or 2
percent.

The time to make those decisions can be fairly easily determined from
the NHC warnings. Forward speed times 48 gives the decision circle to
use.

The computer packages developed through the course of the study can
be used by forecasters to examine more closely the historical data. They
also provide a strong departure point for additional studies that might
improve hurricane forecasting. Some of those would be the
development of a statistical analysis of selected historical storm tracks.
For example, one of the tasks not accomplished this summer is a
'forward scatter' capability based on selected storms. It was felt that if a
significant number of storms from the historical record were analyzed,
probabilities based upon behavior might become evident. For example,
if a storm 300 Nautical miles due east were to begin tracking from a
heading of 2700 to 2909, what percent of similar storms then turned
back westward? In other words, what are the chances that the current
storm will 'get us'? This methodology could be verified by using real
storms which could be shifted so that their track passed within a
specified number of miles of the center. The value of the success of this
method would allow managers to live with a higher probability of
strike. .
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